ABSTRACT The high-power active neutral-point clamped (ANPC) three-level inverter has high-reliability requirements for the system operation, and short-circuit fault, very common, and serious problem in the operation will affect the operation stability. To solve this problem, the fault current path analyses under a single device and multi-device short-circuit fault were carried out first in this paper. Second, on the basis of the different fault condition, an improved fault-tolerant control strategy was proposed. This strategy maintains the three-level operation under a single device short-circuit fault, and under multiple device, fault operates with low withstanding voltage. Finally, the experiment was made on a 1 MW ANPC three-level platform, which proved the effectiveness of the proposed method.
I. INTRODUCTION
The ANPC three-level inverter is characterized by good output and has been applied to many fields in the past few years. However, the short-circuit fault is one of the most common fault type and has serious influence on the system stability. To solve this problem, much attention has been paid by researchers all over the world, and some results were obtained.
Reference [1] comes up with a way in which the slope or rate of rise of the fault current is detected and once the slope exceeds the set reference, action is initiated to trip the system much before the fault current reaches dangerous levels. The method provides a fast detection method of overload and short-circuit currents and can be conveniently adopted for the protection of devices in power transistor/IGBT based inverters against short circuited load conditions or breakdown faults. A control technique is put forward in [2] for short-circuit fault-tolerant operation to mitigate the short circuit fault and continue operation under it. In this scheme,
The associate editor coordinating the review of this manuscript and approving it for publication was Sun Junwei. the healthy phase currents are controlled in such a way that they maintain the flux linkage in the shorted phase at zero or constant, as well as produce the desired output torque with minimum ripple and minimum stator ohmic loss. Reference [3] proposes fault-tolerant (FT) operation of a single-switch dc-dc converter under a switch failure, but a redundant switch and a bidirectional switch are needed for converter reconfiguration in postfault operation. A fault diagnosis technique is raised in [4] for the short circuit fault in a modular multi-level converter sub-module using the wavelet transformation and adaptive neuro fuzzy inference system. The fault features are extracted from output phase voltage by employing wavelet transform under different fault conditions. Then the fuzzy logic rules are automatically trained based on the fuzzified fault features to diagnose different faults. Neither additional sensor nor the capacitor voltages are required in the proposed method. In [5] , a fast power switch fault detection method is presented to identify the fault location. This method can be attained in only one additional voltage sensor per phase, and is faster compared to most of the existing methods. Reference [6] introduces a short circuit fault (SCF) diagnosis method for interleaved dc-dc converters that can detect the fault and identify the faulty switch within less than one switching cycle. The dc-link current is utilized as the diagnostic signature. A fast and simple approach is introduced for detecting and identifying the faulty leg caused by a SSCF in a six-phase Interleaved Boost Converter (IBC) for Fuel Cell Vehicle application in [7] . However, the proposed detection technique is based on a comparison between the power MOSFET Drain-toSource Voltage VDS in ON state with an adjustable threshold voltage VDS-ON-TH by employing mere control pulses and driver information. Two control strategies, including predictive control and voltage mode-controlled PWM with integral-double-lead controller for two stage of the converter, are presented with the elaborated discussion in [8] in conjunction. In [9] , an order-reduction optimal control strategy under multi-device open-circuit fault was proposed for ANPC three-level inverters. This means can improve the operation stability of the inverter. While, in [10] , an improved faulttolerant control strategy with neutral-point voltage balance for T-type three-level inverters was proposed to enhance the stability under open-circuit fault. The advantage of this method is that it can not only restore the output current but also balance the neutral-point voltage. As noted in [11] - [14] , under fault tolerant operation, redundant fourth-leg is used to balance neutral-point voltage and maintain the system stability. However, redundant circuit makes it much complicated and fragile for the whole system. What's worse, the cost will be higher. Even though a redundant fourth-leg was brought in [15] , it used a much robust control strategy with an improved sliding mode observer, which may increase the calculation time and delay the response. The reliabilities of NPC and ANPC three-level inverters were analyzed in [16] , and a conclusion was drawn that the ANPC three-level inverter has a much higher reliability than the NPC threelevel inverter during some power device fault conditions. In [17] , the possible faults of single power device open-circuit and short-circuit fault of ANPC three-level inverters were analyzed, and the corresponding fault-tolerant control strategies were brought in. A fault detection and classification in power electronic circuits using wavelet transform and neural network was presented in [18] , which was based on the ideal conditions and not suitable for the high-power inverters right now. In some other fields, some methods are meaningful and worthwhile to be refer to. As in [19] , a faulttolerant design and control strategy for cascaded H-bridge multilevel converter-based STATCOM was proposed. Similarly, a generalized carrier-based modulation strategy for cascaded multilateral converters operating under fault conditions was illustrated in [20] . Another method using decoupled space-vector PWM strategies for a four-level asymmetrical open-end winding induction motor drive with waveform symmetries was proposed in [21] .
Based on the methods above, an improved fault-tolerant control strategy for high-power ANPC three-level inverter under short-circuit of power devices including single device and multiple devices was proposed in this paper. In section II the short-circuit faults were analyzed including single device short-circuit fault and multiple-device short-circuit fault. In section III, the control strategy based on the analyses was proposed and its simulation and experiment were made in section IV. Finally, a conclusion was drawn in section V.
II. ANSLYSIS OF SHORT-CIRCUIT FAULT
The topology of 3L-ANPC inverter is shown in FIGURE 1. Each phase of the ANPC three-level inverter has 6 switching devices, and they can generate 4 kinds of 0 switching states. The switching states, switching sequences and the output voltages are as shown in TABLE 1. switch on at the same time. Considering the symmetry of the topology, Sa3, Sa4 and Sa5 will switch on at the same time under ''-'' state. The process can also reduce the switching loss of Sa5 during the change period balance the withstanding voltages of Sa1 and Sa2 during switching off period into half bus voltage.
It can be seen from TABLE 2 that, no matter the current direction is positive or negative, under the transformations among different switching states, only two power devices generate power losses. This strategy will balance the switching loss distribution among all power devices to eliminate the overtemperature caused by the large switching losses of some power devices reducing the open-circuit or short-circuit fault, thus the reliability of the ANPC three-level inverter got improved.
A. SINGLE DEVICE SHORT-CIRCUIT FAULT ANALYSIS
The short-circuit fault can cause much more damage to the ANPC three-level inverter than the open-circuit fault. The main cause is that under the short circuit condition, the DC capacitors can generate discharging current through the short circuit, which can make damages to power devices. Besides, when one capacitor of the DC bus discharges, its terminal voltage will come to zero and some power device of this bridge arm will be damaged because of the shouldering of the entire DC bus voltage. Supposed that the DC bus capacitors and power devices are large enough to bear this extreme condition, the output current will be distorted and the output three-phase current will no longer be symmetrical. As shown in FIGURE 1, when short-circuit fault happen at Sa1/Da1, Sa2/Da2, or Sa5/Da5, analyses in the current paths were conducted.
When Sa1/Da1 comes into short-circuit fault under the switching state of ''0U1/0U2/-'', as shown in FIGURE 2 (a), the capacitor in the DC bus will form the short circuit loop through Sa1/Da1 and Sa5/Da5. In FIGURE 2 (b) and (c), Sa2/Da2 both break into the short-circuit fault. Under ''-'' state, the lower bus capacitor C2 produces a short circuit. Under ''0L1'' state, the upper bus capacitor C1 forms a short circuit. Sa5/Da5 comes into a short-circuit fault under the state of ''+/0L1'', and as shown in FIGURE 2 (d), the DC bus capacitor form the short circuit loop through Sa1/Da1 and Sa5/Da5. It can be seen from the above analyses that when the short circuit of single power device occurs, the DC bus capacitor will form a short-circuit loop to discharge quickly. Meanwhile, the capacitor terminal voltage will decrease to zero rapidly, which may bring damages to some devices in the inverter. 
B. MULTIPLE-DEVICE SHORT-CIRCUIT FAULT ANALYSIS
The short-circuit fault of single power device can bring a larger damage to ANPC three-level inverters compared with open-circuit faults. However, the multiple-device shortcircuit fault can bring a much larger damage to the inverter than the two types. The influences caused by multiple-device short-circuit fault are shown in TABLE 3.
It can be seen from TABLE 3 that when the multidevice short-circuit fault occurs, the fault phase can only output ''0'' level, which means this phase can only work under ''RF(Reduction Fault)'' state, which means there is a fault in the system, and meanwhile the fault phase can only output ''0'' level. For example, when Sa1/Da1and Sa4/Da4 are ok, while other devices in phase A come into short-circuit fault, this fault phase can still work under ''RF'' state, which is shown in FIGURE 3(a). In the same way, when Sa2/Da2, Sa4/Da4 and Sa5/Da5 are ok, while other devices in phase A come into short-circuit fault, this fault phase can still work under ''RF'' state, which is shown in FIGURE 3 (b). 
III. CONTROL STRATEGY
The short-circuit fault of ANPC three-level inverter is more harmful to the inverter than the open-circuit fault. Therefore, when the short-circuit fault of the device occurs, the faulttolerant control operation can not only improve the reliability of the inverter, but also play an important role in the safe operation of the whole system. In order to realize the fault-tolerant control operation of ANPC three-level inverter after the short-circuit fault of single device, the short-circuit current loop formed by flowing through DC-bus capacitance can be avoided by selecting the appropriate switch state and switch sequence. Therefore, two concrete solutions are proposed in this paper. In method 1, the modified switch state and switch sequence are shown in TABLE 4.
In this scheme, when a single-device short-circuit fault occurs in Sa1/Da1 or Sa4/Da4, three levels can still be output by selecting the appropriate switching sequence of the fault phase. Therefore, the voltage and current waveforms output by the inverter at this time are almost the same as that under normal operation. For the short-circuit fault of other devices in the inverter, the similar method can be used as used during open-circuit fault occurrence to connect the fault phase to the midpoint of the DC-bus side, and the reference modulation voltage equation is shown in equation 1. In this case, the maximum modulation was reduced to 0.577. The main drawback of scheme 1 is that when a short-circuit fault occurs in Sa1/Da1 or Sa4/Da4, some devices will be subjected to the whole voltage of the DC bus. For example, when a short-circuit fault occurs in Sa1/Da1, according to TABLE 4, the output voltage is ''−'', and Sa2/Da2 will shoulder the whole DC-bus voltage. Similarly, when a short-circuit fault occurs in Sa4/Da4, according to TABLE 4, the output voltage is ''+'', and Sa3/Da3 will bear the DC-us voltage. For the standard ANPC three-level inverter, the voltage level of the power device is generally lower than the DC-bus voltage. For example, when the DC-bus voltage of an ANPC threelevel inverter is 5kV, the voltage level of the power device is generally 4.5kV. Therefore, in scheme 1, some power devices will Face the breakdown risk due to overvoltage.
where, m is the modulation, V a , V b and V c are the three-phase voltages, ω is the frequency. In order to overcome the shortcomings in scheme 1, scheme 2 is proposed. The modified switch states and switch sequences in scheme 2 are shown in In scheme 2, the fault phase is always connected to the midpoint of the DC side regardless of the short-circuit fault of a single device in any phase, and the modified reference modulation voltage equation is shown in equation 1. In that case, the maximum modulation is reduced to 0.577, and the output voltage level of the ANPC three-level inverter is correspondingly reduced. However, any power device in the inverter will not withstand overvoltage. Therefore, this method can be applied to any standard ANPC three-level inverter, and the internal power device has no special requirement for voltage level.
According to the fault-tolerant control strategy of ANPC three-level inverter proposed earlier, the fault-tolerant control operation capability of ANPC three-level inverter when multi-device short-circuit fault occurs, is shown in TABLE 6. As can be seen from the TABLE, fault tolerance can only be achieved if one phase fails, and the other two phases must ensure normal operation. The operating state of ANPC threelevel inverter at this time is the same as that of two-level inverter, but the maximum modulation is reduced to 0.577.
IV. SIMULATION AND EXPERIMENT
Short-circuit fault of active-midpoint-clamping three-level inverter does a much more harmful damage to itself than open-circuit fault. Therefore, the theory analysis of ANPC three-level inverter under short-circuit fault and implement various operation under the short circuit of fault-tolerant control have important practical significances. Therefore, faulttolerant control operation under single and multiple devices fault are simulated and analyzed in this section. When Sa2 in phase A falls into the short-circuit, the waveforms of output currents of three phases, voltage of phase A, line voltage between phase A and B, and the midpoint voltage are shown in FIGURE 6. It can be seen from FIGURE 6 that serious distortion occurs in all the three phase currents, and the voltage of A phase and line voltage between A and B go into distortion after Sa1 fault happened. At the same time, the midpoint voltage was also offset, losing the balance of the midpoint voltage during normal operation.
When the short-circuit fault occurs in Sa2 in phase A and applying fault-tolerant control, the waveforms of output currents of three phases, voltage of phase A, line voltage between phase A and B, and the midpoint voltage are shown in FIGURE 7. It can be seen from FIGURE 7(a) that although the amplitude of three-phase current output by ANPC three-level inverter declines, its symmetry remains. It can be seen from FIGURE 7 (b) that the voltage of phase A becomes 0 after fault-tolerant operation. It can be seen from FIGURE 7(c) that although the amplitude of line voltage between phase A and B in fault-tolerant control operation decreases, it is still in symmetry. It can be seen from FIGURE 7 (d) that the midpoint voltage is offset from normal operation when fault tolerant control is applied, but it can still be balanced. At the same time, the midpoint voltage was also offset, losing the balance of the midpoint voltage during normal operation. When the short-circuit fault occurs in Sa5 in phase A and fault tolerant control is used, the waveforms of output VOLUME 7, 2019 currents of three phases, voltage of phase A, line voltage between phase A and B, and the midpoint voltage are shown in FIGURE 9. It can be seen from FIGURE 9(a) that although the amplitude of three-phase current output by ANPC three-level inverter decreases, it still maintains symmetry. It can be seen from FIGURE 9(b) that the voltage of phase A becomes 0 after fault-tolerant operation. It can be seen from FIGURE 9(c) that the line voltage between phase A and B in fault-tolerant control operation although the amplitude decreases, it still maintains symmetry. It can be seen from FIGURE 9(d) that the midpoint voltage is offset from normal operation when fault tolerant control is applied, but it can still be balanced.
The topology of the active mid-clamping three-level inverter is symmetrical. Therefore, in the analysis of the short-circuit fault of single device, only the simulation analysis of the short-circuit fault of Sa1/Da1, Sa2/Da2 and Sa5/Da5 is required to verify the fault-tolerant control operation of the whole inverter in the short-circuit fault of single device. As the short-circuit faults of Da1, Da2 and Da5 are similar to those of Sa1, Sa2 and Sa5, this article will not elaborate. FIGURE 4, −6 and −8 expresses the simulation waveforms of three phase current, the fault phase voltage, including line voltage and the midpoint voltage of Sa1, Sa2 and Sa5 respectively when short circuit faults occurs. The simulation waveforms show that three-phase current changed without three-phase symmetry, the fault phase voltage and line voltage of fault phase went into serious distortion, and the midpoint voltage offset. Therefore, it is a necessary to use fault-tolerant control to improve the stability. FIGURE 5, −7 and −9, expresses the simulation waveforms of three phase current, the fault phase voltage, including line voltage and the midpoint voltage of Sa1, Sa2 and Sa5 respectively when short circuit faults occurs and the system works with fault-tolerant control. The simulation waveform shows that after fault tolerant control, the three-phase current basically remains symmetrical, the fault phase voltage changes to 0, the line voltage amplitude comes down, and the midpoint voltage does not shift. Therefore, the system can continue to operate under the condition of deceleration or reduction of output capacity, which improves the reliability of the whole system, and the fault-tolerant control method of single device short-circuit fault is consistent, which is beneficial to the practical application of production in industry.
B. SIMULATION AND ANALYSES UNDER MULTI-DEVICE SHORT-CIRCUIT FAULT
When the short-circuit fault occurs in Sa1 and sa3 in phase A, the waveforms of output currents of three phases, voltage of phase A, line voltage between phase A and B, and the midpoint voltage are shown in FIGURE 10. It can be seen from FIGURE 10 that serious distortion occurs in all the three phase currents, and the voltage of A phase and line voltage between A and B go into distortion after Sa1 and Sa3 fault happens. At the same time, the midpoint voltage is also offset, leading to imbalance of the midpoint during normal operation.
S. When the short-circuit fault occurs in Sa1 and Sa3 in phase A and fault-tolerant control is in use, the waveforms shown in FIGURE 11. It can be seen from FIGURE 11(a) that although the amplitude of three-phase current output of phase A becomes 0 after fault-tolerant operation. It can be seen from FIGURE 11(c) that with amplitude going down, the line voltage between phase A and B in fault-tolerant control operation remains to be symmetrical. It can be seen from FIGURE 11(d) that the midpoint voltage is offset from normal operation when fault tolerant control is applied, but it can still be balanced.
When the short-circuit fault happens in Sa2 and sa3 in phase A, the waveforms of output currents of three phases, voltage of phase A, line voltage between phase A and B, and the midpoint voltage are illustrated in FIGURE 12. It is easy to find out from FIGURE 12 (a) that serious distortion occurs in all the three phase currents, and the voltage of A phase and line voltage between A and B go into distortion after Sa2 and Sa3 fault happened. At the same time, the midpoint voltage is also offset and the upper and lower bus voltage alternate, losing the balance of the midpoint voltage during normal operation.
When the short-circuit fault occurs in Sa2 and Sa3 in phase A and fault-tolerant control is applied, the waveforms of output currents of three phases, voltage of phase A, line voltage between phase A and B, and the midpoint voltage are shown in FIGURE 13. The result shown in FIGURE 13(a) is that although the amplitude of three-phase current output by ANPC three-level inverter falls down, it still remains in symmetry. It can be noticed from FIGURE 13(b) that the voltage of phase A becomes 0 after fault-tolerant operation. FIGURE 13(c) shows that with amplitude decreasing, the line voltage between phase A and B in fault-tolerant control operation remains to be symmetrical. FIGURE 13(d) indicates that the midpoint voltage is offset from normal operation when fault tolerant control is applied, but it is still in balance.
The topology of ANPC three-level inverter is symmetrical. Therefore, in the analysis of the short-circuit fault of multiple devices, only the upper bridge arm of the fault phase should be used as the basis for the analysis. As the short-circuit fault of the diode is similar to the short-circuit fault of the power switch device, it will not be described in detail in this paper. The comparison between FIGURE 10, FIGURE 12 and FIGURE 11, FIGURE 13 shows that the fault-tolerant control can ensure the system to continue running under the condition of deceleration or reduction of output capacity, and improve the reliability of the whole system. In addition, the fault-tolerant control method of multi-device short-circuit fault is consistent, which is conducive to the practical application of industrial production. Considering that the damage of short-circuit fault to the inverter is much greater than that of the open-circuit fault, after the short-circuit fault of multiple devices occurs in the inverter and the most important task of fault tolerance control operation is completed, the inverter must be stopped so as to avoid secondary damage to the whole system. The experimental platform in the event of a short-circuit fault will cause a short-circuit loop in DC-bus capacitors, which makes capacitors discharge rapidly, and a large current will appear at the same time, which will damage the IGBTs in the short circuit loop that works under normal operation condition. Therefore, on account of the short-circuit fault, the short-circuit fault experiment was only made under fault-tolerant control.
The fault-tolerant control method proposed in this paper can solve the faults caused by single-device and multi-device short-circuit fault, which is much more practical for industrial application. The experiment platform is shown in FIGURE 14.
Three-phase voltage, phase voltage, line voltage and midpoint voltage under short-circuit fault with fault-tolerant control are shown in FIGURE 15.
It can be observed from FIGURE 15 that when the short-circuit fault occurs in ANPC three-level inverter, the fault-tolerance control can be realized. Although the amplitude of three-phase current output by ANPC three-level inverter decreases, it still stays in symmetry. The voltage of phase A becomes 0 after fault-tolerant operation. The line voltage between phase A and B in fault-tolerant control operation although the amplitude decreases, it still maintains symmetry. With amplitude decreasing, the line voltage between phase A and B in fault-tolerant control operation remains to be symmetrical. The midpoint voltage is offset from normal operation in which fault tolerant control is applied, it can still be balanced. Therefore, when ANPC three-level inverter single-device or partial multi-device short-circuit fault occur in ANPC three-level inverter, the fault-tolerant operation can be achieved to improve the reliability of the whole system.
V. CONCLUSION
A method that can avoid the short-circuit current loop formed by flowing through DC-bus capacitance was proposed in this paper for fault-tolerant control operation of ANPC three-level inverter by using selecting the appropriate switch state and switch sequence. With this improvement, the maximum modulation is reduced to 0.577, and the output voltage level of the ANPC three-level inverter is correspondingly reduced. Under this condition, the power device in the inverter will not withstand overvoltage. This approach can be applied to standard ANPC three-level inverters, and the internal power device has no special requirement for voltage level. Meanwhile, as to multi-device short-circuit fault, an improved order-reduction method was put forth to make the fault phase only output ''0'' level and keep the system operating under two-level state. This improved fault-tolerant control strategy can keep the high-power ANPC three-level inverter running under shortcircuit fault of power devices and only pays a discount on the output performance, which was proved by the simulations and experiment.
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